Clostridium perfringens alpha toxin is the main lethal toxin which has been identified as an enzyme, phospholipase C (EC 3.1.4.3) (8) . C. perfringens requires meat digest to produce the toxin in large quantity (1, 7, 22) . Factors affecting the production of the toxin were studied in a chemically defined medium (11) (12) (13) . A large quantity of L-arginine (10 mg/ml ) and controlled quantities of L-cystine (0.1 mg/ml or less) and of divalent (Zn2+, Fe2+, and Mg2+) and monovalent cations (Na+ and K+) supported production of the toxin. The toxin produced in the defined medium was indistinguishable in biological, immunological, and some physicochemical properties from that produced in a complex medium. Among these factors, zinc seemed to play the critical role. Only a small quantity of alpha toxin was produced without zinc at earlier stages of growth, and it disappeared rapidly (20) . No alpha toxin was detected in zinc-deficient cultures at the end of the logarithmic phase, when the toxin activity reached its maximum in zinc-containing cultures (12) . Manganese, cobalt, or nickel was partially replaceable, but the latter two gave inconsistent results (12) .
The present work was undertaken to study further the role of zinc in production of alpha toxin. We have demonstrated that the antitoxin-precipitable protein of little or no toxic activity was produced without zinc and that zinc rendered the preformed protein fully active.
MATERIALS AND METHODS Organism. C. perfringens strain PB6K N5 maintained in a synthetic medium composed of 19 amino acids, six vitamins, adenine, uracil, fructose, inorganic salts, and thioglycollic acid, named SM 67 (11) , was used.
Culture methods. Cultures were made at 37 C usually in 4-ml portions of medium in test tubes (10 by 110 mm). For toxin production, SM 67 was modified by reducing L-leucine from 350 ,g/ml to 150 ug/ml and by omitting manganese. The modified medium, named CM (complete medium), supported the growth and toxin production to almost the same extent as in SM 67. To examine the effect of zinc, zinc-less CM, named DM (deficient medium) was used with and without addition of ZnSO4 .7H2O to 0.05 mM. To study incorporation of L-4C leucine into the intra-and extracellular protein, CM or DM was supplemented with L-14C leucine (named "hot CM" and "hot DM," respectively). The seed culture was an ovemight culture in DM after two to three daily transfers in the medium. Centrifugation for harvesting and washing the bacterial cells was done at 2,600 x g for 20 min at 4 C.
Estimation of growth. The optical density (OD) at 660 nm was read with a Coleman Junior spectrophotometer with a light path of 10 mm.
Assay for alpha toxin. Alpha toxin activity was measured by the lecithovitellin method and expressed in egg unit (EU) for the direct toxicity or in Lv for the power to combine the standard antitoxin or both (13 (15) .
Incorporation of L-14C leucine into cellular protein. Cells harvested from an overnight culture in DM and suspended in hot CM or hot DM were incubated at 37 C. Cells separated from a 4-ml culture were resuspended in 2 ml of saline, to which 2 ml of 10% trichloroacetic acid was added. After heat treatment at 95 C for 15 min, the precipitate was separated and dissolved in 2 ml of 0.3 N NaOH, to which was added 4 ml of 10% trichloroacetic acid. The precipitate was redissolved in 2 ml of 0.3 N NaOH. A 0.1-ml portion was placed on a planchet, dried, and counted for radioactivity in a windowless gas-flow counter (Aloka, Tokyo).
Incorporation of L-14C leucine into extracellular protein. The culture supernatant fluid containing L-4C leucine was filtered through a membrane filter (HA, 0.45 Mm; Millipore Corp.) and subjected to determinations of the following. (i) Radioactivity of alpha toxin: A 3.0-ml portion of the filtrate was added with 0.1 ml of purified alpha toxin (450 Lv/ml) as carrier and 0.1 ml of alpha antitoxin (550 IU/ml). The mixtures were incubated at 40 C for 1 h and then allowed to stand ovemight in the cold to insure complete precipitation of alpha toxin. The precipitate was washed five times with 8 ml of chilled saline each time, dissolved in 1 ml of 0.3 N NaOH, and added with 2 ml of 10% trichloroacetic acid. The precipitate was washed with 5% trichloroacetic acid, dissolved in 80% formic acid, dried, and counted. (ii) Radioactivity of extracellular protein: A 0.5-ml portion of the filtrate was added with 0.2 ml of bovine serum albumin (10 mg/ml) and 0. Production of alpha toxin in "-Zn-containing medium. The organisms were grown in DM added with zinc at 0.025 mM and "5ZnCl2 at 2 MCi/ml. After incubation at 37 C for 6 h, the culture was centrifuged; the supernatant fluid was filtered through a membrane filter (HA, 0.45 Mm). The filtrate was concentrated with Ficoll followed by dialysis against 0.05 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer, pH 7.4 ("crude "Zn-toxin"). In some cases, purified alpha toxin was added to crude "'Zn-toxin as carrier. Radioactivity of "Zn was determined with an Nal crystal cell scintillation counter (Aloka, Tokyo). Gel filtration of crude "'Zn-toxin. A 0.5-ml portion of crude "Zn-toxin was applied to a column (1.2 by 24.0 cm) of Sephadex G-100 in a glass tubing with the inner surface coated with hexamethyldisilazane dissolved in n-hexane. The eluant was 0.05 M Trishydrochloride buffer, pH 7.4. Each of the 10-drop (0.35 ml) fractions was determined for radioactivity, alpha toxin, and OD at 280 nm. The alpha toxin fractions were pooled, concentrated, and subjected again to gel filtration under the same conditions. The final preparation was named "purified "Zn-toxin."
Sucrose density gradient centrifugation of crude "Zn-toxin. A 0.2-ml portion of crude ""Zn-toxin (1,140 Lv/ml and 163,000 counts per min per ml) was layered on top of 5.0 ml of 5 to 20% linear sucrose density gradient in 0.05 M Tris-hydrochloride buffer, pH 7.4 . After centrifugation at 50,000 rpm for 17.5 h at 4 C in an SW65L Ti rotor with a Beckman L4 ultracentrifuge, 10-drop (0.13 ml) fractions were collected manually. The alpha toxin fraction was concentrated with Ficoll and dialyzed against 0.05 M Tris-hydrochloride buffer, pH 7.4. A 0.2-ml portion of this was subjected again to sucrose density gradient centrifugation under the same conditions.
Immunoelectrophoresis of purified "5Zn-toxin. Purified "'Zn-toxin was placed in the center well of a 1% agarose (Nakarai Chemicals, Kyoto) slide. Electrophoresis was performed with Veronal buffer (ionic strength 0.05, pH 8.6) at 4.0 mA/cm for 90 min at room temperature. The alpha antitoxin was poured into each trough; the slide was incubated at room temperature for 3 days.
Radioautography. Slides of double diffusion and immunoelectrophoresis were washed with saline and with deionized water and dried. A piece of X-ray film (Sakura type N; Konishiroku Photo Industry, Tokyo) was placed in contact with each slide wrapped with thin plastic film and exposed for 17 or 35 days.
Polyacrylamide gel electrophoresis. Polyacrylamide gel was prepared by the method of Williams and Reisfeld (24) or Davis (3) (pH 8.0 gel or pH 9.4 gel) in glass tubings measuring 5 by 70 mm. The running and the spacer gels were 0.95 ml and 0.19 ml, respectively. No sample gel was used. A 0.1-ml portion of purified "'Zn-toxin (15 Lv/ml, 5,000 counts per min per ml) in a sucrose solution was layered on the spacer gel. Electrophoresis was carried out with a type BC apparatus (Mitsumi Scientific Industry, 361 VOL. 8, 1973 on September 23, 2017 by guest http://iai.asm.org/ Downloaded from SATO AND MURATA Tokyo) at 4 C with Williams and Reisfeld's Veronaltris buffer, pH 7.0, or Davis Tris-glycine buffer, pH 8.3, in the electrode vessels. With the cathode at the top, a constant current of 2.2 mA/tube for 90 min for pH 8.0 gel and 3.0 mA/tube for 70 min for pH 9.4 gel was applied. When the solvent front, indicated by bromophenol blue (BPB), reached the bottom of the gel, electrophoresis was discontinued. The gel was removed from the glass tubing by rinsing in tap water. It was cut into 2-mm segments from the top. Toxic activity was located by placing the segments on egg yolk agar plates; the radioactivity of each segment was determined with a scintillation counter.
RESULTS
Effect of zinc added to the culture in DM on the production of alpha toxin. An overnight culture in DM with an OD of 1.2 was centrifuged; the cells were resuspended in CM or DM to a concentration of an OD of 0.05. The suspension, distributed into tubes each with 4 ml, was incubated at 37 C. Growth and toxin production in duplicate tubes were examined every hour. Zinc was added to 0.05 mM to the cultures at indicated times (Fig. 1) . Toxin production paralleled bacterial growth in CM, but in DM a little toxin was detected only at earlier stages of the logarithmic phase and it disappeared rapidly. The addition of zinc to the cultures in DM during the first 4 h resulted in production of alpha toxin to the levels comparable to those in CM, whereas the effect of the metal was very little if added in 5 h. The bacterial growth in CM was not different from that in DM.
Alpha toxin production by "C-labeled organisms. When the bacterial cells labeled in hot CM (Fig. 2) DM, puromycin was added to 0.4 mg/4 ml at intervals. Incubation was continued for an additional 30 min, and the toxic activities were determined. To some tubes of DM, zinc was added within 1 min after the addition of puromycin. Puromycin inhibited immediately and completely the alpha toxin production in CM. In DM, however, the addition of zinc increased alpha toxin significantly to a level comparable to that in CM detected at the time of addition of puromycin (Fig. 4) . The results show that the inactive toxin protein is synthesized without zinc and that no further protein synthesis is required for the increased toxic activity if zinc is added.
Incorporation of L-14C leucine into toxin protein produced in CM or DM. The organisms were grown in hot CM or hot DM containing L-"C leucine at 0.25 gCi/ml, and radioactivities of the extracellular alpha antitoxin-precipitable protein and of intra-and extracellular protein were determined. As shown in Fig. 5 , radioactivity of the antitoxinprecipitable protein in the two media increased at similar rates for the first 3 h, although the toxic activity was very low in DM.
Demonstration of inactive toxin protein in culture supernatant fluid. Zinc was added to the supernatant fluid of cultures in DM incubated for different periods of time. The toxic activities were determined before and after the addition of zinc. If added with zinc at earlier stages, the toxic activity increased to a level comparable to that produced in CM; while that at later stages did not increase the toxic activity (Fig. 6) . All the processes of these experiments were conducted under refrigeration; other experiments conducted at room temperature gave the same results.
Incorporation of zinc into the toxin molecule. Crude 65Zn-toxin containing 1,140 Lv/ml and 163,000 counts per min per ml was filtered through a Sephadex G-100 column; the alpha toxin fraction was subjected again to gel filtration under the same conditions. Most 65Zn was found in the alpha toxin fraction; the peaks of radioactivity and the toxic activity coincided (Fig. 7) .
The two activities sedimented to the same position in sucrose density gradient centrifugation (Fig. 8) . The peak fraction, fraction no. antitoxin precipitate in egg yolk agar. Radioautograph of the slide showed a single black line at the location identical to that of the precipitin line ( Fig. 9a and b) . In immunoelectrophoresis of purified "6Zn-toxin containing 835 Lv/ml and 60,000 counts per min per ml, a major and a minor arc appeared; the major one was alpha toxin-antitoxin precipitate and the minor one a contaminant (Fig. 10a) . The radioautograph showed that 65Zn was associated only with the major arc ( Fig. 10b and c) .
Role of zinc in manifestation of alpha toxin activity. Purified 6"Zn-toxin containing 25 Lv/ml and 838 counts per min per ml was dialyzed against 0.05 M Tris-hydrochloride buffer, pH 7.4, with or without addition of ethylenediaminetetraacetic acid (EDTA) at 3 mM. The activities of 65Zn and alpha toxin determined at intervals during dialysis against the EDTA-containing buffer were expressed in percentage to the corresponding values of the specimen dialyzed against the buffer containing no EDTA (Fig. 11) . The two activities decreased at the same rates by dialysis against EDTAcontaining buffer, whereas they did not change appreciably by dialysis against the plain buffer for 48 h.
Dialysis of purified alpha toxin against ED-TA-containing buffer also caused loss of the activity. Purified alpha toxin and EDTAdialyzed alpha toxin (EDTA-toxin) were applied to columns of Sephadex G-100 equilibrated respectively with 0.05 M Tris-hydrochloride buffer, pH 7.4 , and the same buffer containing 3 mM EDTA and eluted with the respective buffers. Eluted fractions of EDTAtoxin were assayed for the activity before and after addition of zinc. The EDTA-toxin and the native toxin were eluted in the same elution volumes (Fig. 12) .
Acrylamide gel electrophoresis of purified 65Zn-toxin. In pH 8.0 gel, the activities of alpha toxin and of "5Zn were found at the same position (Fig. 13) ; whereas in pH 9.4 gel, they dissociated. "Zn migrated together with BPB, but the toxic activity was detected in the 22-mm segment (no. 11) from the top (Fig. 14) . In gel filtration, however, of purified 6"Zn-toxin on Sephadex G-100 at pH 9.4, no dissociation occurred between the alpha toxin and "5Zn. Nor decreased activity resulted from dialysis of alpha toxin against 0.05 M Tris-hydrochloride buffer, pH 9 FIG. 7. Gel filtration of "5Zn-toxin. Crude "6Zn-toxin was partially purified by Sephadex G-100 gel filtration. A 0.2-ml portion of the toxin (850 Lv/ml, 55,000 counts per min per ml) was applied again to the column. Each of 10-drop fractions was added with 0.5 ml of 0.05 M Tris-hydrochloride buffer for assay. Symbols: 0, radioactivity of '6Zn (counts per min per ml); 0, toxin (Lv/ml);V, protein (OD,.,).
heimer and Shaskan (16) (20), in a zinc-deficient medium, only a "'Zn-toxin. Crude "5Zn-toxin was partially purified by little alpha toxin was produced at earlier stages sucrose density gradient centrifugation. A 0.2-mi of growth and it disappeared rapidly. It was no portion of the toxin (800 Lv/mi, 60,000 counts per min longer detectable at 6 to 7 h, when the toxic per ml) was centrifuged again. Ten-drop fractionsacityrchdhemxumntezncon were collected; each fraction was added with 0.5 ml of tacivity recedithe mAxdimumn ozinc the zic-oun- 23 of Fig. 8 . a, Precipitation. deficient medium. Radioactivity precipitable culture in DM caused immediate appearance of the toxic activity. Thus, the extracellular inactive protein was converted immediately into the active toxin upon addition of zinc. These facts show that the organisms produce the inactive toxin protein without zinc. In DM, however, the antitoxin-precipitable radioactivity did not increase in quantity in longer than 4 h, although radioactivity of the labeled total protein continued to increase at the same rate as in CM. It is not known whether synthesis of the toxin protein completed within 4 h or its synthesis and decomposition take place simultaneously, thus causing no increased toxin protein. The rapid disappearance of the toxic activity may indicate the lability of the toxin protein produced in the absence of zinc. The fact that sometimes little or no increased toxic activity resulted from the addition of zinc to the culture supernatant fluid may also be explained by the lability of the protein. Possible destructive mechanism appearing at later stages may also have contributed to the short life of the toxin protein produced in DM. C. perfringens theta toxin, which is also a rather unstable toxin, was destroyed sometimes very quickly in the later logarithmic phase (13) . Soda, Sato, and Murata (20) demonstrated an enhanced destruction of theta toxin with Ca2 . It is not known, however, whether the same is true with the protein of alpha toxin produced in DM.
Attempts to isolate the inactive toxin protein produced in DM were not successful because of its extreme lability. Zinc may also have a role in stabilizing the labile molecule. Ispolatovskaya (4) (5) (6) observed that zinc, when used in purification, increased the yield of the toxin. From loss of the activity of the purified toxin with chelating agents, regeneration of the activity by the addition of zinc, and the presence of two extinction bands at 3345 and 3202A, she suggested that alpha toxin was a zinc metalloenzyme. In this respect, Moskowitz (9, 10) stated that alpha toxin lost the activity by treatment with EDTA, and the activity was restored with Zn2+, Co2+, and Mn2+, but not with Ca2+ or Mg2+.
Although no direct evidence of a metalloenzyme was obtained due to the unsatisfactory purification, the present results strongly indicate the incorporation of zinc into the alpha toxin molecule. Particularly, immunoelectrophoresis, having ruled out the possibility that zinc was merely a contaminant, proved the firm binding of zinc to the alpha toxin molecule. The same result was obtained with another buffer, citrate phosphate buffer, pH 6.5. Atomic absorption spectrophotography applied to a preparation of purified toxin (specific activity 1.3 jsg/Lv) confirmed the binding between zinc and the toxin molecule. The toxin lost the toxic activity and the metal by dialysis against ED-TA-buffer; the toxicity was restored by addition with zinc. A similar enzyme produced by Bacillus cereus was inactivated with such chelating agents as EDTA and o-phenanthroline and reactivated with Zn2+ (or Mn2+) but not with Ca 2+ (14) . Alkaline phosphatase of Escherichia coli proved to be a zinc metalloenzyme; removal of zinc with EDTA resulted in complete loss of the activity without accompanying dissociation of the molecule into subunits (17, 21) . Evi that the metal is important not only for manifestation of the activity but also for maintenance of the integrity of the molecule (2, 17, 21, 23) . The removal of zinc from alpha toxin did not appreciably decrease the molecular size. The result of polyacrylamide gel electrophoresis
